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ABSTRACT
ANALYSIS OF MIXING DEPTH VARIABILITY FROM EMSU DATA
by
PATRICK YAT-KI LUI
Submitted to the Department of Meteorology on January 22, 1975
in partial fulfillment of the requirements for
the degree of Master of Science
The Boston EMSU data, which consist of two temperature
soundings every day, are used to investigate the variability
of the mixing depth. Changes in the mixing depth arise from
surface heating and changes in the vertical temperature
structure by horizontal temperature advection and large-scale
vertical motion. The Holzworth method is the most commonly
used method for estimating the afternoon mixing depth from
the 1200GMT sounding. Only the surface heating effects are
considered in this method. In an attempt to improve on the
Holzworth technique, the feasibility of representing the
advective and vertical motion by surface meteorological
measurements is investigated. Horizontal temperature advection
has been found to be inadequately represented by the 1000 feet
level wind direction and speed. But substantial improvement
on the Holzworth technique can be made by a modified procedure
which accounts for the super-adiabatic layer frequently
observed at the surface. In the absence of a 1200GMT sounding,
an estimate of the mixing depth can be made from the solar
radiation intensity received at the surface, through a
linear regression equation. The statistical method has been
found to be almost as reliable as the Holzworth method even
though no knowledge of the vertical temperature structure
is required.
Thesis Supervisors James M. Austin
Titles Professor of Meteorology
-3-
ACKNOWLEDGEMENT
I wish to express my gratitude to my thesis supervisor,
Professor James M. Austin, for his active interest throughout
the course of this work. His inspiration in the formulation
of this research problem, his continued enthusiasm and his
guidance in the preparation of this manuscript are very much
appreciated.
Thanks are also due to Professor John D. Spengler of
Harvard School of Public, Health, for arranging the NECEP
grant which provides partial support to this study; and to
Mr. Bill Cusick of the Blue Hill Observatory, Milton,
Massachusetts, for supplying the solar radiation data.
-4-
TABLE OF CONTENTS
ABSTRACT ... .. .
ACKNOELEDGEMENT
LIST OF SYMBOLS
LIST OF TABLES
LIST OF FIGURES
CHAPTER
.. . ... . .0....... .. . ............ 000.
~0 a 0 60600 0 6 * 0.6 a OS USe *S OS O
.. . . . . . . . . . . . . . . . . .a 6*001
.. . . . . . . . . . . . . . . . . .0
I INTRODUCTION.................
1*1 Background ............................
1.2 Holzworth's method .....................
1.3 Methods for forcasting the mixing depth.
1.4 Statement of the problem................
II DATA REDUCTION AND PARAMETERIZATION .........
2.1 Parameterization of diabatic heating....
2.2 Parameterization of horizontal
temperature advection....o**oo.........
2.3 Parameterization of large-scale vertical
motion..os...............................
2.4 Parameterization of diabatic heating in
the absence of a temperature sounding...
2.5 Data base.. .... .....................
III VERIFICATION OF HOLZWORTH'S METHOD.... o.oo
3.1 Method of analysis .....................
3.2 Super-adiabatic layer at the surface ..
3.3 Classification by vertical temperature
structure ..............................
Page
2
3
6
7
8
10
10
12
14
18
20
20
21
23
26
27
29
29
34
-5-
TABLE OF CONTENTS (CONTINUED)
Page
CHAPTIER
IV ANALYSIS FROM SURFACE-BASED MEASUREMENTS-. ..-
4.1 Representation of temperature advection
by 1000 feet level wind.....---........
4.2 Cold advection as inferred by NW wind....
4.3 No horizontal advection among the strong
SW wind cases. . . . . ... .... ... .
4.4 Warm advection as inferred by SW wind....
4.5 Erroneous inference from SW wind.. 0 6 0
V ESTIMATION OF MIXING DEPTH IN THE ABSENCE OF A
TEMPERATURE SOUNDING..................---.---- 000
I CONCLUSION....*. ... . ... ... . .---
50
50
51
56
68
68
76
82
84
91
95
V
APPENDIX I. .. . . . .. . . . . . . . . . . . . . ..
APPENDIX II . . . . . . . . . . . . . . . . . . . . ..
BIBLIOGRAPHY......................................*... o
-6-
LIST OF SYMBOLS
Uo friction velocity near the surface
Ug geostrophic wind speed
tho angle between the surface wind direction
and the geostrophic wind direction
T actuual surface temperature
Ae/AZ average vertical gradient of potential
temperature
esfc,6850,e500 potential temperature at the surface, the850mb and the 500mb level
f coriolis parameter
g acceleration due to gravity
R solar radiation intensity measured at the
surface
HT observed height at which a discontinuity
in the lapse rate, in the form of a
change to a stable value, occurs in the
temperature sounding
HT (as used by Hanna, 1969)
observed height at which the vertical
gradient of temperature exhibits a
discontinuity
Hraob,HA estimate of the mixing depth by the
Holzworth method
H&T observed height at which the amplitude of
the diurnal temperature wave is minimum
HD observed height at which the wind direction
is the same as the geostrophic wind
HM estimate of the mixing depth by the modified
Holzworth method
HS estimate of the mixing depth by the
statistical regression equation with the
solar radiation intensity as the predictor
-7-
LIST OF TABLES
Table No. Page
1 Distribution of cases with NW wind, 31
2 Average difference in mb between Holzworth's
estimate and the observed mixing depth,
HA-HT, for cases with NW wind. 31
3 Distribution of cases with SW wind. 32
4 Average difference in mb between Holzworth's
estimate and the observed mixing depth,
HA-HT, for cases with SW wind. 32
5 Distribution of error for Holzworth's estimate
of the mixing depth. 35
6 Average difference in mb between the modified
Holzworth's estimate and the observed mixing
depth, HM-HT, for cases with NW wind. 37
7 Average difference in mb between the modified
Holzworth's estimate and the observed mixing
depth, HM-HT, for cases with SW wind. 37
8 Distribution of error for the modified
Holzworth's estimate of the mixing depth . 39
9 Distribution of error for the modified
Holzworth's estimate of the mixing depth with
- the cases classified by their morning and
afternoon temperature profiles. 48
10 Distribution of error for the statistical
estimate of the mixing depth from solar
radiation alone. 79
11 Distribution of error in estimating the mixing
depth, expressed as cumulative percentage of
cases against magnitude of error measured. 80
-8-
LIST OF FIGURES
Figure No. Page
1 Schematic drawings illustrating the effects
of horizontal temperature advection on the
mixing depth. 22
2 Schematic drawings illustrating the effects
of large-scale vertical motion on the
mixing depth. 25
3 Example of type I temperature sounding
change: June 12, 1972. 41
4 Example of type II temperature sounding
change: June 27, 1972. 42
5 Example of type III temperature sounding
change: January 25, 1972. 43
6 Example of type IV temperature sounding
change: September 27, 1972. 44
7 Example of type V temperature sounding
changes Febuary 4, 1972. 45
8 Example of NW wind inferring strong cold
advection: April 7, 1972. Type V sounding
change observed. 52
9 Example of subsiding motion and NW wind
inferring cold advection:- October 10, 1972.
Type I sounding change observed. 54
10 Example of rising motion and NW wind
inferring cold advection: September 24,
1971. Type IV sounding change observed. 57
11 Example of subsiding motion and NW wind
inferring cold advection: December 16,
1971. Type IV sounding change observed. 59
12 Example of SW wind but with no temperature
advection: March 8, 1973. Type II sounding
change observed. 62
13 Example of strong rising motion and SW wind
but with no temperature advection: October 12,
1972. Type IV sounding change observed. 64
-9-
LIST OF FIGURES (CONTINUED)
Figure No. Page
14 Example of rising motion and SW wind but
with no temperature advection: October 17,
1972. Type III sounding change observed. 66
15 Example of rising motion and SW wind
inferring warm advections November 19,1971.
Type IV sounding change observed. 69
16 Example of SW wind inferring strong warm
advection: September 29, 1971. Type I
sounding change observed. 71
17 Example of SW wind but with cold advection:
October 12, 1971. Type IV sounding change
observed. 74
18 Afternoon mixing depth as a function of
surface solar radiation intensity atBoston. 78
CHAPTER I
INTRODUCTION
1.1 Background
Air pollution has been a subject of increasing interest
since the rapid expansion of population and industry in large
metropolitan areas. Air pollution problems concern not only
the amount and nature of pollutant input into the atmosphere,
but also the atmosphere's ability to disperse them. In urban
areas, pollutants are emitted by myriad but intricate sources.
The availability of a good source inventry can be an aspect
of an urban air pollution problem. In this investigation,
attention is focused on the meteorological aspect of the
problem. The disposal of pollutants is dependent on the wind
velocity, the degree of atmospheric turbulence and the depth
of a turbulently mixed layer.
The intensity of atmospheric turbulence in the boundary
layer is closely related to the vertical temperature structure.
An important parameter is the lapse rate, , which is defined
as the rate of change of temperature with altitude. A
particularly important type of lapse rate is the dry adiabatic
lapse rate. It refers to the rate of change of temperature for
a parcel of dry air rising adiabatically, that is without any
exchange of heat with the enviroment. This dry adiabatic lapse
rate, calculated from the first law of thermodynamics, is
approximately -1*C per 100 meters.
- 10-
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The commonly observed lapse rate in the atmosphere
differs from the dry adiabatic. When the temperature of the
atmosphere decreases more rapidly than the dry adiabatic
lapse rate, an air parcel displaced upward has a higher
temperature than the surrounding air. Its density is lower
and the resultant buoyancy force accelerates it further
upward. This type of lapse rate is called super-adiabatic
and the atmosphere is unstable. If the temperature of the
atmosphere decreases less rapidly than the dry adiabatic
lapse rate, any lifted air parcel will be colder than the
surrounding air. The downward buoyancy force returns the air
parcel to its original level. The atmosphere is stable. If,
however, the lapse rate of the atmosphere is that of the dry
adiabatic, the lifted air parcel experiences no buoyancy
force. The atmosphere is neutral. Unstable atmospheric
conditions enhance turbulent motions and therefore rapid
mixing of the atmosphere while stable conditions have the
opposite effect. Concentrations of pollutants are determined
to a considerable extent by the degree of turbulent motion as
described in dispersion formulae in such reference as
Meteorology and Atomic Energy 1968 by U.S. Atomic Energy
Commission. In view of the dependence on stability, diurnal
variations in urban concentrations of pollutants are
determined by the diurnal variations of stability, wind
speed and the depth of a turbulently mixed layer.
On clear days with light winds, the lowest layer of the
-12-
atmosphere usually has a super-adibatic or near-adiabatic
lapse rate. The unstable condition permits a high degree of
turbulence. Emitted pollutants and the clear surrounding air
are rapidly mixed laterally and vertically. The atmosphere
gradually becomes less stable above. It is topped by a stable
layer. There is little vertical transport of pollutants beyond
the top of the unstable layer. This boundary separating the
mixed turbid air below from the clean air above is commonly
known as the mixing depth.
For the estimation or the control of the pollutant
concentration in the atmosphere, it is necessary to have
forcasts of the potential for accumulation of atmospheric
contaminants. In any forcast model, the magnitude of the
mixing depth is an essential parameter. It specifies the depth
of the layer through which pollutants can be dispersed.
Accurate determinations of the mixing depth can be deduced
from radiosonde observations. Unfortunately, no cities have
routine hourly observations of such a kind. The common
procedure for estimating the mixing depth from the one
morning upper-air sounding was developed by Holzworth (1969,
1972).
1.2 Holzworth's method
The mixing depth is recognized to vary diurnally. Two
estimates, in the morning and in the afternoon, are made
daily from routine meteorological measurements. They represent
the worst and the best dilution conditions respectively, as
-13-
the mixing depth reaches its minimum and maximum value at
these two times of the day. There is a progressive increase
in the mixing depth with time from sunrise to maximum
temperature.
Holzworth's method assumes the mixing depth to be a
function of the temperature profile observed near sunrise,
that is at 1200 Greenwich Median Time (GMT), and a specially
chosen surface temperature. The intersection between the dry
adiabat through this surface temperature and the 1200GMT
temperature profile is taken to be the top of the mixing
layer.
In the morning calculation, the minimum surface
temperature between 0200 and 0600 Local Standard Time plus
5* C is used. The 5*C is arbitrarily used to allow for the
urban-rural difference in the temperature as most National
Weather Service stations, where the radiosonde soundings are
taken, are located in the rural areas. Holzworth (1972)
recognized that this treatment of the morning mixing depth
was an over-simplification of the complex situation and the
5*C was an overestimate of the temperature difference. His
method is adequate only for the climologicalzpurposes of his
study.
The afternoon mixing depth is calculated from the
maximum surface temperature, observed from 1200 to 1600LST.
The same 1200GMT temperature profile is used and the urban-
rural difference of the maximum surface temperature is
assumed to be negligible.
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This method of estimating the mixing depth is simple
and feasible for operational use. But it involves an assumption
that the only significant change in the morning vertical
temperature structure is from solar radiation. As the earth's
surface and the bottom layer'of the atmosphere are heated up
after sunrise, the turbulent motion ensures that the temperature
lapse rate is dry adiabatic. The morning vertical temperature
structure remains unaffected by other factors throughout the
day. Evidently, the assumption is invalid. The vertical
temperature is affected by synoptic-scale motions. These effects
can best be summarized by horizontal temperature advection and
large-scale vertical motion. In Holzworth's climatological
study (1972), it may be reasonable to assume that these other
influences average out over a period of several years. But on
a day-to-day or hour-to-hour basis, such an assumption is
questionable. One of the purposes of this investigation is to
examine the magnitude of errors involved in using Holzworth's
procedure to determine the mixing depth in a daily forcast
practice.
1.3 Methods for forcasting the mixing depth
The mixing depth may be considered as the depth of the
planetary boundary layer. There are alternative definitions
for the boundary layer depth which have been reviewed by
Hanna (1969). The subsequent material has been abstracted
from his paper.
Hanna (1969) defined HD as the height at which the wind
-15-
direction is the same as that of the geostrophic wind. HAT
is the height at which the amplitude of the diurnal temperature
wave is minimum. HT is the observed height at which the
vertical gradient of temperature exhibits a discontinuity.
Hanna (1969) used the 1953 O'Neill boundary layer
observations to study several prediction models of the
boundary layer depth. Three kinds of conditions are considered:
adiabatic, stable, and unstable.
Blackadar (1962), Lettau (1962) and Ohmstede and Appleby
(1964) predicted HD under adiabatic and steady-state conditions
to be
0.2 U*
where U0 is the friction velocity near the surface and f is
the coriolis parameter. Rossby and Montgomery (1935) suggested
a similar equation
R (3/+ de) = 0.021 (U5/4)sIM Oko
where Cdois the angle between the direction of the wind near
the surface and the direction of the geostrophic wind. Hanna
(1969) found that the average values of H(Uo/f) and H(Ug/fdo)
were about 25% below the average value of HAT observed under
near-adiabatic conditions. However, the general correlation
between HAT and H(U*/f) or H(Ug/f,C,/o) is poor. When the theory
is extended to stable or unstable conditions, the correlation
worsens.
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Rossby and Montgomery (1935) developed another model
specifically for stable conditions:
14 W 5AE,) . 0.38 U3 sit 0b'/ () ~) 2
where Ae/AZ is the average vertical gradient of potential
temperature through the boundary layer and g is the accelera-
tion of gravity. Laikhtman (1961) independently arrived at a
similar formula:
H (UAe) 1.5 U
Both equations are not applicable under adiabatic or stable
conditions. Hanna (1969) found that both models produced
values in fair agreement with the observed thickness HT. The
correlation coefficient between HT and the respective values
of Laikhtman, Rossby and Montgomery are 0.89 and 0.83.
Hanna (1969) calculated the thickness Hraob1 with the
Holzworth method. He compared Hraob with HT from the 1953
O'Neill boundary layer observations. He found the average
ratio HT/Hraob to be 0.94. The Holzworth method, in general,
overestimates the mixing depth. In these unstable cases,
Hanna's HT is the same as the HT used in this thesis.
Miller (1967) developed an objective method for
forcasting the afternoon mixing depth for use in the National
Air Pollution Potential Forcast Program. Because of the
difficulty in forcasting the details of the vertical
temperature profile, some indirect parameters were used. From
1 Hraob is equivalent to HA in this thesis.
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the plot of the mixing depth against the potential temperature
difference between the surface maximum and that at 850mb level
at 1200GMT, Gsfc - 6850, the scatter of points were found to
increase away from where esfc - e850 = 0. It was hypothesized
that the scatter of all points would be minimized if the
mixing depth was divided into smaller layers. The 1964 radio-
sonde data at 67 stations were used to establish the parabolic
regression equations, relating the maximum surface temperature
in the afternoon (tsfc) and the 1200GMT mean virtual temperature
(T') of the layer (1000-850mb, 850-500mb, etc.) that included
the top of the mixing layer. When put into operational use,
the National Meteorological Centre (NMC) 24-hour forcasts for
esfc, e850, and e500 were used to determine where the top of
the mixing layer would likely be and hence decide on which
prediction equation was to be used. Then, the forcasted mean
virtual temperature of that layer at 1200GMT on the following
day together with the forcasted maximum temperature in the
afternoon were applied in the equation to predict the afternoon
mixing depth of the following day.
Miller did not justified his hypothesis nor his choice
of the parameters other than by the fact that these meteoro-
logical parameters were readily available from NMC forcasts.
The prediction equations were tested with the April 20 through
May 9,1966 data. His RADAT1 forcasts had a mean absolute error
of 635m while his RAOB2 forcasts had an error of 360m. However,
1 RADAT forcast is tomorrow afternoon's mixing depth forcast
based on forcasts of tomorrow's 1200GMT 6sfc, 8850,
2 Be500 and T'.RAOB forcast is this afternoon's mixing depth forcast based
on today's observed 1200GMT vertical temperature profile
and this morning's forcast of the maximum temperature.
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the mixing depth used in the verification study was determined
from the daily 1200GMT sounding using Holzworth's method. As
the validity of the Holzworth technique has not been established,
the significance of Miller's results cannot be estimated either.
1.4 Statement of the problem
It is presumed that a representative 1200GMT sounding is
available or can be inferred from the radiosonde network. Hourly
changes in the morning mixing depth arise from surface heating
and changes in the vertical temperature structure associated
with horizontal advection and vertical motion. Since the short-
term forcasts of cloudiness are routine in the NWS weather .
stations, the analyst can readily estimate the hourly rise in
surface temperature associated with the absorption of solar
radiation. However, the routine prediction of changes in the
vertical temperature structure, in the 5000 feet, associated
with temperature advection and vertical motion are not readily
available. Holzworth's method of calculating changes in mixing
depth has the virtue that it can be applied at any locality
with a 1200GMT sounding. It does not require a meteorological
capability, e.g. a numerical prediction model, to predict
advective and vertical motion change. The current investigation
was undertaken to determine:
(1) The magnitude of the error in the application of the
Holzworth method to daily mixing depth changes, and
(2) The feasibility of estimating temperature advection and
vertical motion effects from meteorological observations
-19-
which are readily available. Several questions are
asked. Can the wind speed and direction at 1000 feet be
used to approximate advection? Does the degree of
cloudiness provide a measure of the vertical motion
effect?
In addition, the feasibility of estimating the mixing
depth from radiation data.-alone was investigated. Such estimates
are desirable in the absence of a morning temperature sounding.
-20-
CHAPTER II
DATA REDUCTION AND PARAMETERIZATION
The principal concern for this study is the variability
of the mixing depth with changes in local atmospheric condit-
ions in the Boston area during daytime hours. Boston, situated
in mid-latitudes, is under the constant influence of migratory
synoptic scale systems like cyclones, anti-cyclones and fronts..
Such synoptic-scale influences on the mixing depth, can best
be summarized by horizontal temperature advection and large-
scale vertical motion. Observational data presented in later
chapters confirm that advective and vertical motion, together
with diabatic heating are the three major factors influencing
the vertical temperature structure of the lower atmosphere.
The following three sections discuss the expected effects on
the mixing depth and the selection of parameters in terms of
which these effects can be readily estimated. The expected
errors involved when Holzworth's method is applied under
various meteorological conditions are also dicussed.
2.1 Parameterization of diabatic heating
Diabatic heating effects are adequately represented by
Holzworth's treatment. By drawing the dry adiabat through the
maximum afternoon temperature, it is assumed that the ground
and lower layers of the atmosphere are warmed up after sunrise
by solar radiation. Heat is transferred upward by turbulent
motion. As the air is well mixed, the lapse rate is dry
-21-
adiabatic.
2.2 Parameterization of horizontal temperature advection
Horizontal temperature advection plays a critical role
in changing the vertical temperature structure of the atmos-
phere between the two sounding times. In the absence of C:.-
diabatic heating, horizontal temperature advection and large-
scale vertical motion, the major features of the temperature
profile remain intact throughout the morning. But with warm
advection, the temperature of the lower layers of the atmos-
sphere at a fixed locality increases as morning progresses.
The whole temperature profile is displaced towards the warmer
side. The. dry adiabat through the maximum surface temperature
intersects the afternoon temperature profile at a lower level
than where it intersects the morning temperature profile
(Figure la). In other words, Holzworth's estimate is an over-
estimate of the mixing depth when there is warm advection. The
opposite is true when there is cold advection. The temperature
profile will be displaced towards the colder side. The inter-
section between the dry adiabat through the maximum surface
temperature and the afternoon temperature profile is higher
than that with the morning profile (Figure 1b). As a result,
the Holzworth's estimate is an underestimate of the real
mixing depth in the afternoon.
Quantitative values of the horizontal temperature advect-
ion are difficult to determine accurately. Approximate estimates
can be made from the National Weather Service (NWS) surface
-22-
Figure 1. Schematic drawings illustrating the
effects of horizontal temperature
advection on the mixing depth.
Z
a. Cold advection.
Holzworth's method under-
estimates the mixing depth.
b. Warm advection.
Holzworth's method over-
estimates the mixing depth.
Adiabatic lapse rate
Morning temperature sounding
Afternoon temperature sounding
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maps with the 1000 to 500mb thickness contours. The temperature
advection is inversely proportional to the area bounded by two
consecutive thickness contours (drawn for a given height
interval) and by two consecutive isobars (drawn for a given
pressure interval). However, the application of the above
procedure depends on the availability of the diagnostic maps.
One of the purposes of this study is to investigate the
feasibility of establishing a prognostic model based on local
surface observations. In the Boston area, there is a general
rule of thumb that winds with northwesterly components represent
cold advection while those with southwesterly components
represent warm advection. To eliminate the surface frictional
effects, the 1000 feet level wind rather than the surface wind
is used to determine the direction of inflowing wind. The cases
are divided into three groups according to the wind direction:
NW, SW and E. The east wind group are not analysed because the
evaluation of advective influences with east wind requires an
estimation of air mass modification over the neighboring water.
The magnitude and sign of the advective influence is not -
expected to be a simple function of wind direction and speed
at the 1000 feet level. The uncertainties involved with east
winds may produce erroneous results and consequently, this
study focussed attention only on the cases of off-shore winds.
2.3 Parameterization of large-scale vertical motion
The third major factor affecting the vertical temperature
is large-scale vertical motion. In the absence of diabatic .
heating and horizontal temperature advection, large-scale
rising motion brings the air parcels over Boston upward after
the morning sounding has been taken. As pressure decreases with
altitude, the air parcels expand and cool adiabatically. The
effect of large-scale rising motion is to steepen the lapse
rate of temperature. The dry adiabat through the afternoon
maximum surface temperature intersects the morning temperature
profile at a lower level than the true afternoon profile
(Figure 2a). Holzworth's estimate gives an underestimate of
the mixing depth with large-scale rising motion. On the other
hand, large-scale subsiding motion causes the air parcels to
warm adiabatically. Holzworth's estimate represents an over-
estimation of the mixing depth under such a situation
(Figure 2b).
Representation of the large-scale vertical motion from
surface observations is a much more difficult problem as it is
impossible to have direct measurements. There are several
possible indirect indicators which can be readily measured. A
synoptic type of indicator of vertical motion is its general
correlation with pressure change, namelydescending motion with
rising pressure and ascending motion with falling pressure. An
alternative possible index is the amount of cloud cover, in
the sense that cloudy skies occur with rising motion and that
clear skies probably are accompanied by descending motion. But
the amount of cloud cover is determined subjectively. As an
indirect indicator, the amount of solar radiation received at
-25-
Figure 2. Schematic drawings illustrating the
effects of large-scale vertical
motion on the mixing depth.
z
N
'
a. Rising motion.
Holzworth's method under-
estimates the mixing depth.
b. Subsiding motion.
Holzworth's method over-
estimates the mixing depth.
Adiabatic lapse rate
Morning temperature sounding
Afternoon temperature sounding
HT I -
HT
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the surface provides a quantitative measure. Despite the
problem of inferring the sign of vertical motion from other
measurable quantities, an attempt will be made to determine
its influence on the mixing depth.
2.4 Parameterization of diabatic heating in the absence of
a temperature sounding
The second major concern of this study is the estimation
of the mixing depth in the absence of a 1200GMT sounding.
Without any knowledge of the vertical temperature structure,
Holzworth's method cannot be applied. It will be helpful to
have an alternative estimate of the mixing depth under such
circumstances. In view of the complexities of the horizontal
temperature advection and large-scale vertical motion effects,
only the diabatic heating effects are considered in this part
of the study.
The degree of diabatic heating in the lower layers of
the atmosphere is parameterized by the amount of solar radiation
received at the surface. Hourly measurements of solar radiation
received are not routine measurements at the National Weather
Service stations. However, the degree of diabatic heating can
be indirectly inferred from the amount of cloud cover which is
regularly estimated at all stations.
In this analysis, the amount of cloud cover is not used
because of the uncertainties involved in the subjective
estimation of cloud cover as well as in the indirect inference
of diabatic heating. Instead, the quantitative values of solar
radiation received at the surface are statistically correlated
-27-
with the observed mixing depth. Such radiation data for the
Boston area is available from the Blue Hill Observatory, Milton.
The linear regression equation is presented in Section V. The
errors in estimating the mixing depth with the prediction
equation is compared with the errors in Holzworth's method
which also assumes diabatic heating to be the only source of
influence.
2.5 Data base
The Boston EMSU (Enviromental Measurement Support Unit)
data are the major tool for this study. They were taken from
August 1971 through April 1973, five days a week, from Building
24 of Massachusetts Institute of Technology in Cambridge,
Massachusetts. The EMSU data are particularly useful in this
study for two reasons. Firstly, Cambridge is an industrialized
area situated near to the heart of Greater Boston. The soundings
taken are those of a typical urbanized area. Secondly, two
soundings were taken daily, around 0700 and 1200 Eastern
Standard Time (EST). In this study, accurate determinations of
the afternoon mixing depth are necessary to evaluate the
different prediction methods. The verification value of mixing
depth can be directly determined from the afternoon temperature
sounding.
Out of the 436 working days, only 375 days have complete
records of the two radiosonde soundings. The observed afternoon
mixing depth, HT, is obtained by noting the height at which a
discontinuity in the lapse rate, in the form of a change to a
-28-
stable value, occurs in the afternoon sounding. This value of
HT is the level of the top of the near-adiabatic layer near
the surface. When there is an ambiguity in locating the
discontinuity in lapse rate, the case will not be selected for
analysis. As these values of HT will be used for verification
purposes, it is desirable to eliminate a subjective determination
of HT.
Two meteorological observations are required for
parameterization purposes. The 1000 feet level wind at the
times when the two soundings were taken is also reported in
the EMSU data. The second kind of observation, the total solar
radiation received at the surface during the interval between
the two soundings, is made in the Blue Hill Observatory,
Milton, Massachusetts. Out of the 375 days, only 257 days have
the complete set of observations reported.
The data are divided into three groups: northwesterly,
southwesterly and easterly, according to the wind direction at
the 1000 feet level. Cases in which there is a wind shift between
the morning and afternoon soundings are not used. This
selection procedure further decreases the number of cases
useful for analsis. But it is desirable to eliminate ambiguous
data to avoid erroneous conclusions. The final data set consists
of 63 cases with northwest (NW) wind, 60 cases with southwest
(SW) wind and 87 cases with east (E) wind.
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CHAPTER III
VERIFICATION OF HOLZWORTH'S METHOD
3.1 Method of analysis
The afternoon mixing depth, HA, as determined by
Holzworth's procedure, depends on the morning temperature
structure and the afternoon surface temperature. A dry adiabat
is drawn through the surface temperature to intersect the
morning temperature profile and so locate the top of the
mixing layer. In the case when the dry adiabat fails to inter-
sect the temperature profile, for example when the afternoon
surface temperature is lower than than the morning temperature,
this method cannot be applied. The observed mixing depth, HT,
is directly determined from the afternoon sounding. The height
at which the lapse rate changes from an unstable or near-
adiabatic rate to a stable rate is taken to be the top of the
mixing layer. The corresponding values of HA and HT under
various conditions are compared.
The cases selected for analysis were categorized
according to the average value of the wind speed at 1000 feet
level in the morning and in the afternoon when the soundings
were taken. They were divided into three groups: 0-13 knots,
>;13-19 knots, and over 19 knots. The boundaries were arbitrarily
chosen so that there were approximately equal number of cases
in each of the three categories. It is hypothesized that the
higher the wind speed, the stronger is the temperature advection.
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Similarly, the cases were categorized according to the amount
of solar radiation received at the surface between the two
radiosonde observations: 0-55, 755-80 and over 80 langleys
(gm-cal per cm2 ). It is hypothesized that the higher the
solar radiation intensity measured, the lesser is the amount
of cloud cover and the stronger is the subsiding motion. At the
other extreme, the lower the radiation intensity, the stronger is
the rising motion.
The NW and SW cases were analysed separately with the NW
cases representing cold advection and SW cases, warm advection.
Tables 1 and 3 present the number of cases in each of the nine
categories respectively. Tables 2 and 4 present the average
difference between Holzworth's estimate and the observed
mixing depth, RA-HT, in mb.
Within many categories, the magnitude of the error of
HA-HT varies over a wide range of sometimes up to 200mb. But
the sign of the error is illustrative. There is considerable
agreement between the observations in the NW group with the
hypothesis. Consider the effect of vertical motion alone.
Within each of the column in Table 2, the degree of over-
estimation increases with the amount of radiation received,
that is down the column. The only exception is the strong
wind cases (719kts). The effect of cold advection is illustrated
by the increase of underestimation of the mixing depth with
wind speed, that is to the right of the row. The SW group as
a whole does not exhibit such good agreement. Under the
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Table 1
Distribution of cases with NW wind.
Number in parenthesis is the number of days
when Holzworth's method is not applicable
as the dry adiabat fails to intersect the
morning temperature profile.
Solar Wind speed at 1000 feet level
radiation
intensity 0-13kts >13-19kts >19kts
0-55 Ly 9(2) 6(1) 4(1)
>55-80 Ly 7 8 7(1)
>80 Ly 4 9(1) 9
Table 2
Average difference in mb between Holzworth's
estimate and the observed mixing depth
J--HT, for cases with NW wind.
Solar Wind speed at 1000 feet level
radiation
intensity 0-13kts 713-19kts >l9kts
0-55 Ly 17.0 -28.2 -14.0
755-80 Ly 22.6 - 6.4 -28.8
>80 Ly 64.3 17.0 6.8
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Table 3
Distribution of cases with SW wind.
Number in parenthesis is the number of days
when Holzworth's method is not applicable
as the only adiabat fails to intersect the
morning temperature profile.
Solar Wind speed at 1000 feet level
radiation
intensity 0-13kts >13-19kts >19kts
0-55 Ly 7 6 9
>55-80 Ly 8 5 8(1)
>80 Ly 5 9 4
Table 4
Average difference in mb between Holzworth's
estimate and the observed mixing depth,
HA-HT, for cases with SW wind.
Solar Wind speed at 1000 feet level
radiation
intensity 0-13kts- >13-19kts >l9kts
0-55 Ly 21.0 11.0 -17.9
>55-80 Ly 31.1 9.0 11.9
;80 Ly 14.0 19.9 -15.8
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the hypothesis of the SW wind indicating warm advection and
strong wind inferring strong advection, the degree of over-
estimation by Holzworth's method is expected to increase to
the right of the row. However, the exact opposite is observed
in Table 4. Two of the three strong categories (>19 knots)
even show an average underestimation of the mixing depth when
the highest degree of overestimation is expected to be found
in these three categories. When the effect of vertical motion
alone is considered, the degree of overestimation by Holzworth's
method is expected to increase with the amount of solar
radiation received, that is down the column. Such a trend is
not observed either. A closer examination of the cases from
which the average error in each of the nine categories are
computed reveals another problem (See Appendix I). Within each
category, the sign of the error of Holzworth's estimates is
not consistently the same. The only exception is the weak SW
wind cases in which HA-HT is consistently positive. It suggests
that the method of analysis used above has failed to group
cases under similar influences from advective and vertical
motion together into the same category. Perhaps the sign of
advection is not well specified by wind direction. This
possibility was investigated and confirmed (See Chapter IV).
No conclusion about the relative importance ofthe temperature
advection and vertical motion can be drawn at this stage.
The average error of Holzworth's estimate for the 56 days
with NW wind was found to be an overestimation of 5.5mb. The
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average error for the 60 days with SW wind was also an over-
estimate of 10.6mb. Based on the hypothesis that NW wind
indicates warm advection, the former group was expected to
show an underestimate while the latter group an overestimate.
There is a clear indication that Holzworth's method of
determining the mixing depth has a general tendency towards
overestimation.
Table 5 displays the error distribution of Holzworth's
estimate of the mixing depth. Both the NW and SW wind groups
exhibit a similar error distribution. 52% of the days studied
have an absoluteerror of less than 30% of the observed mixing
depth. 72% of the days have an error of less than 50%. However,
13% of the days studied measure an error of over 100% of their
observed value. All these cases in which Holzworth's method
is inappropriate represent overestimations of the mixing depth.
3.2 Super-adiabatic layer at the surface
The observational data have shown that in most of the
afternoons, the temperature structure consists of a surface
layer with a super-adiabatic lapse rate. As the morning
progresses after sunrise, the ground is warmed at a faster rate
than the atmosphere because the ground is a better heat
absorber. With the ground as a heat source, the lowest layer
of the atmosphere is warmed up faster and a super-adiabatic
lapse rate is created. The depth of this surface layer is
limited by mechanical mixing. As a result, the super-adiabatic
layer is more prominanton days with light wind than those with
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Table 5
Distribution of error for Holzworth's estimate of
the mixing depth. Error is expressed in percentage
of the observed mixing depth, IHA-HTI/ HTO
Percentage No. of days
error with NW
wind
150-10
10-20
No. of days
with SW
wind
10
20-30
30-40
40-50
50-60
Total no.
of days
25
20
15
10
14
60-70
70-80
80-90
90-100
100-200
200-300
over 300 1 1
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strong wind.
The contribution of the super-adiabatic layer to the
general tendency of Holzworth's method to overestimate the
mixing depth was investigated. The effect of the layer was
eliminated by a modified version to Holzworth's procedure.
Instead of drawing the dry adiabat through the afternoon
temperature, the lowest discontinuity in lapse rate between
the surface super-adiabatic layer and the near-adiabatic
layer above is chosen. The dry adiabat through this point
intersects the morning temperature profile and marks the top
of the estimated mixing layer, HM*
The same method of categorizing the cases by the wind
speed and solar radiation received as described in Section 3.1
was used. The results are summarized in Tables 6 and 7. Just
as in the former analysis, the NW group shows a fair agreement
with the hypothesis that NW wind indicates cold advection. The
degree of underestimating the mixing depth by Holzworth's
method increases with wind speed, that is to the right of the
row in Table 6; but decreases with the amount of solar radiation
received, that is down the column. The SW group does not yield
the anticipated result. The degree of overestimation by
Holzworth's method is expected to increase with wind speed,
that is to the right of the row; and increase with solar -
radiation, that is down the column. Both trends are not readily
apparant in Table 7.
The tendency of Holzworth's method to overestimate the
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Table 6
Average difference in mb between the modified
Holzworth's estimate and the observed mixing
depth, HM-HT, for cases with NW wind.
Solar Wind speed at 1000 feet level
radiation
intensity 0-13kts >13-19kts 719kts
0-55 Ly - 0.4 -36.0 -39.7
>55-80 Ly 1.0 -22.0 -77.7
>80 Ly 16.5 0.4 -17.9
Table 7
Average difference in mb between the modified
Holzworth's estimate and the observed mixing
depth, HM-HT, for cases with SW wind.
Solar Wind speed at 1000 feet level
radiation
intensity 0-13kts >13-19kts >19kts
0-55 Ly 6.6 0.2 -13.0
>55-80 Ly 16.3 - 4.2 4.1
>80 Ly - 8.8 6.4 -18.3
mixing depth is eliminated by the modification of the
procedure. The average error in days with NW wind is an under-
estimate of 15.0mb. This is to be expected from the hypothesis
that NW wind infers cold advection. The SW wind group has an
overall average of 0.4mb in overestimating the true mixing
depth. According to the hypothesis that SW wind infers warm
advection, an overestimate of comparable magnitude to the
underestimate in the NW group is expected. The small magnitude
of the group average in the SW group suggests that warm
advection is not dominant. An alternative hypothesis is SW
wind infers no horizontal temperature advection. This explanation
was examined and confirmed by later study (Chapter IV). It was
found that in most cases within the SW group, the isotherms or
thickness contours were parrallel to the isobars. In other
words, there was no temperature advection.
The error distribution of the modified estimates, given
in Table 8, shows substantial improvement over that of Holzworth's
estimate. 72% of the cases shows an error of less than 50%,
while 49% of the cases have a percentage error of less than
20% compared with the 29% error in Holzworth's estimate. The
most remarkable improvement is in the large error cases. None
of the cases analysed with the modified method shows an error
of more than 200%. Only 6% of the cases have an error of between
100 and 200%.
3.3 Classification of vertical temperature structure
It has been shown in Sections 3.1 and 3.2 that the error
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Table 8
Distribution of error for the modified Holzworth's
estimate of the mixing depth. Error is expressed in
percentage of the observed mixing depth, IHM-HTI/HT*
Percentage
error
0-10
10-20
20-30
30-40
40-50
No. of days
with NW
wind
14
17
7
1
2
No. of days
with SW
wind
15
7
6
Total no.
of days
29
24
13
50-60
60-70
70-80
80-90
90-100
100-200
over 200 0 0
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in the Holzworth technique, HA-HT.0 and HM-HT, is not well
correlated with wind direction and solar radiation intensity.
It is relevant to enquire why these parameters are inadequate
measures of the effects of temperature and vertical motion. In
order to facilitate the analysis, five types of sounding
changes are identified. The specific types were indicated by
a subjective evaluation of the individual days with HM-HT
errors of varying magnitude. Each type is associated with a
particular magnitude of HM-HT error. It will be shown that
types can be described in terms of temperature advection and
vertical motion effects. Figures 3 to 7 display typical
examples of the five types.
Type I (Figure 3) shows the afternoon temperature to be
higher than the morning temperature throughout the lower layers
of the atmosphere. Strong solar radiation, strong horizontal
warm advection and large-scale descending motion are favorable
in producing such sounding changes. It is sometimes difficult
to single out the contribution of each of the three factors.
In particular, large-scale descending motion is often observed
with strong solar radiation near to the centre of an anticyclone.
There are instances at which only one of the three factors is
dominant. Section 4.2 discusses one example (Figure 9) in which
there was strong cold advection. But the strong solar radiation
at the surface together with the large-scale descending motion
produced the increases in temperature in the afternoon.
Type II (Figure 4) represents the idealized case in which
Figure 3. Example of type I temperature sounding change:
June 12, 1972.
Solid line shows the 1000GMT profile.
Broken line shows the 1500GMT profile.
P(mb) N \1 L9;?
700 -
800
No
900
1000_
0 10'-10 20 T(OC)
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Figure 4. Example of type II temperature sounding changes
June 27, 1972.
Solid line shows the 1000GMT profile.
Broken line shows the 1500GMT profile.
P(mb)
I I Nl
00
700
800
O
900
1000
2.0 T(*C)
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Figure 5. Example of type III temperature sounding change:
January 25, 1972.
Solid line shows the 1200GMT profile.
Broken line shows the 1700GMT profile.
P(mb) .
700-
800
900
.
1000
00 10 20 T(*C)-10
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Figure 6. Example of type IV temperature sounding changes
September 27, 1972.
Solid line shows the 1100GMT profile.
Broken line shows the 1600GMT profile.
P(mb)
700 \
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ShS
1000
10 20 30 T(CC)
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Figure 7. Example of type V temperature sounding changes
Febuary 4, 1972.
Solid line shows the 120OGMT profile.
Broken line shows the 1700GMT profile.
P(mb)
700
800
900-
1000 -*
-10 0 10 T(*c)-.20
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Holzworth's method can best be applied. There are minimal
horizontal temperature advection and vertical motion
influences. The basic features of the morning temperature
structure remain unchanged except the lowest layer is warmed
and a dry adiabatic lapse rate is created.
Type III (Figure 5) represents strong cold advection
days. Though the surface temperature in the afternoon is higher
than that in the morning, the dominant effect of cold advection
aloft overrides the effect of solar radiation. The temperature
falls with height in the afternoon. Vertical motion has minimal
effect in this group.
Type IV (Figure 6) differs from type III by the fact that
the effect of vertical motion is dominant while cold advection
is secondary. Both subsiding and rising motion can be instrumental
in bringing about such a sounding change. As air parcels are
displaced upward from the warm surface by the large-scale
motion, they are cooled adiabatically (e.g. in Figure 13 of
Section 4.3). Alternatively, air parcels may be brought down-
ward from aloft and hence warm the atmosphere below (e.g. in
Figure 11 of Section 4.2).
Type V (Figure 7) are those cases in which Holzworth's
method cannot be applied. Because of the very strong horizontal
cold advection and sometimes large-scale rising motion too,
the afternoon temperature in the lower layers is colder than
that in the morning.
Analysis of the individual cases in the first four types
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confirms that the above classification is valid (See Appendix
II). Within each type I, III and IV, the sign of the difference
of the modified Holzworth's estimate from the observed mixing
depth is consistently the same. Type I comprises 30 cases.
Holzworth's estimate was an overestimate of 27.4mb. The average
underestimation in type III and IV were 28.5 and 38.5mb
respectively, with 23 and 33 cases in each classification.
Type II is different from the rest. Holzworth's estimate is an
overestimate in some of the cases but an underestimate in the
others. But the magnitude of the error is small. The largest
error was 20mb and the average error of this group was 1mb.
Type II is the condition assumed in the application of the
Holzworth method.
Table 9 summaries the distribution of the error, HM-HT,
for type I to IV. As expected, Holzworth's technique is best
applied in the type II cases with 29 out of a sample of 32 cases
measuring less than 30% error. Errors in type I, III and IV are
fairly evenly distributed. But the worst kind of error by the
Holzworth technique was found in type I. The only 4 cases with
more than 100% error are from this group. The large error can
be explained. Because of the strong warm advection, solar
radiation and often subsiding motion too, the lapse rate of the
atmosphere in the morning is near-adiabatic. Following the
modified Holzworth's procedure, a dry adibat is drawn through
the lowest point of discontinuity in lapse rate. A slight
variation in locating this point or drawing the dry adiabat may
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Table 9
Distribution of error for the modified Holzworth's
estimate of the mixing depth with the cases
classified by their morning and afternoon temperature
profiles. Error is expressed in percentage of the
observed mixing depth, IHM-HTI/ HT.
Percentage
error
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
No. of days
in type
I
6
7
4
1
0
2
90-100
100-200
No. of days
in type
II
19
6
4
0
1
0
0
1
1
0
0
No. of days No. of days
in type in type
III IV
Mean: error
(in mb)
+27.4 + 1.0 -28.5 -38.5
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result in a large difference in determining the intersection
with the morning temperature profile because both lines are
nearly parrallel.
CHAPTER IV
ANALYSIS FROM SURFACE BASED MEASUREMENTS
4.1 Representation of temperature advection by 1000 feet
level wind
The method used in Sections 3.1 and 3.2 consists of
dividing the data into two groups: those with NW wind infer
cold advection and those with SW wind infer warm advection.
Within each group, further classification is made according
to the average wind speed at the 1000 feet level. The results
obtained were shown to be contrary to what was expected. The
main source of error in question was the validity of represent-
ing the horizontal temperature advection by the 1000 feet
level wind direction.
With the aid of the NWS surface maps with 1000 to 500mb
thickness contours and the EMSU data giving the morning and
afternoon vertical temperature structures, the accuracy of the
representation was examined. Several important phenomena were
observed. Case studies illustrating each of the points are
given in Sections 4.2 to 4.5. The observations are listed
below:
a. Wind from the northwest is a valid indication of cold
advection.
b. In some cases, strong subsiding motion overrides the
cold advection effect. The temperature profile observed
is that of type I.
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c. Large-scale rising motion produces the cooling of the
temperature aloft. Depending on the strength of the
rising motion, a type III or IV temperature profile is
produced.
d. When the NW wind at 1000 feet is weak, little temperature
advection is observed. The representation of magnitude
of cold advection by wind speed in the NW wind group is
sound.
e. Wind from the southwest is a poor indicator of warm
advection. Often, when a SW wind is recorded at 1000 feet
level, the horizontal temperature advection is minimal.
f. Six out of the twenty-one cases with strong SW wind of
more than 19 knots show strong cold advection, which is
the exact opposite of what is assumed.
4.2 Cold advection as inferred by NW wind
After a surface cold front passes, Boston is under the
influence of the northwesterlies which usually bring in the
cold Canadian air. April 7, 1972 (Figure 8) is a typical
example. The cold front was over Boston after the morning
temperature sounding was taken. Afterwards, the cold advection
was so strong that the temperature of the lower layers
decreased with time.
When the cold advection is not strong, the large-scale
vertical motion plays a deciding role in determining the
afternoon temperature structure. On October 10, 1972 at 1200GMT
(Figure 9), Boston was in the eastern sector of a strong anti-
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Figure 8
Example of NW wind inferring strong cold advection:
April 7, 1972.
(a) Synoptic situation.
Isobar in mb.
. .1000-500mb thickness in dm.
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Figure 8
Example of NW wind inferring strong cold advection:
April 7, 1972.
(b) Type V sounding change observed.
P(mb)
I I "i I a
70001
0V7
800
9 0
100-
9000
-- 10 0 10 T(*C)
Solid line shows the 110OGMT profile.
Broken line shows the 1600GMT profile.
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Figure 9
Example of subsiding motion and NW wind
inferring cold advection:
October 10, 1972.
(a) Synoptic situation.
Isobar in mb.
------------ 1000-500mb thickness in dm.
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Figure 9
Example of subsiding motion and NW wind
inferring cold advection:
October 10, 1972.
(b) Type I sounding change observed.
P(mb)
000
o
700
800-
900 -
1000
-10 0 10
Solid line shows the 1100GMT profile.
Broken line shows the 1600GMT profile.
T(C)
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cyclone. The strong subsiding motion brought the air aloft
downward and so warmed the lower layers. Despite the cold
advection, the temperature was higher in the afternoon. This
belongs to a type I case.
On September 24, 1971 (Figure 10), the cold front was
over Boston at 110OGMT. Throughout the interval between the
two soundings, rising motion dominated. This motion enhanced
the cooling effect due to cold advection. As a result, the
observed temperature profile is of type IV.
A type IV temperature profile was observed on December 16,
1971. It was produced by air masses subsiding from 820 to 870mb
level. Within this layer, the afternoon temperature was
higher. In the layers below the 880mb level, the horizontal
cold advection kept the afternoon temperature to be lower than
that of the morning (Figure 11).
4.3 No horizontal advection among the strong SW wind cases
Of the twenty-one cases with strong SW wind of over 19
knots, the surface maps show six cases with warm advection and
nine cases with no horizontal temperature advection. The
original expectation of warm air advection with strong south-
west winds is evidently not valid. The six cold advection
cases included in the SW group will be discussed in Section
4.5. The association of no temperature advection with strong
SW wind can be explained by the following. In order to have a
southwest wind, Boston must be in the warm sector of a cyclonic
system. For the SW wind to be strong, the advancing surface
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Figure 10
Example of rising motion and NW wind
inferring cold advection:
September 24, 1971.
(a) Synoptic situation.
Isobar in mb.
1000-500mb thickness in dm.
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Figure 10
Example of rising motion and NW wind
inferring cold advection:
September 24, 1971.
(b) Type IV sounding change observed.
P(mb)
700
800
900
1000
-10 0 10 20 T(*C)
Solid line shows the 1100GMT profile.
Broken line shows the 1600GMT profile.
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Figure 11
Example of subsiding motion and NW wind
inferring cold advection:
December 16, 1971.
(a) Synoptic situation.
Isobar in mb.
------------ 1000-500mb thickness in dm.
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Figure 11
Example of subsiding motion and NW wind
inferring cold advection:
December 16, 1971.
(b) Type IV sounding change observed.
P(mb)
700
800
900
1000
-10 0 10 20 T(0C)
Solid line shows the 1200GMT profile.
Broken line shows the 1700GMT profile.
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cold front from the west is usually quite close to Boston.
The 1000 to 500mb thickness contours are almost parallel to
the isobars. The wind is blowing across a zero temperature
gradient. As a result, there is no horizontal temperature
advection. Such a situation is found in all three cases
described below.
March 8, 1973 (Figure 12) is one of this type. The
frontal system over eastern U.S. was weak and so produced
weak upward motion over Boston. As the isobars and thickness
contours are parallel, the effect of temperature advection
was weak. The temperature structure is that of type II.
March 8, 1973 is an idealized case assumed in the Holzworth
method.
Boston is usually in the warm sector of a cyclonic
system when a SW wind is observed. Rising motion is most
common. Depending on the strength of the rising motion, the
temperature structure can be of type III or IV. On October 12,
1972 (Figure 13), the air masses rose from 930 to 850mb
between 1100 and 1600GMT and produced the cooling. The
temperature structure belongs to type IV. On October 17,1972
at 1200GMT (Figure 14), Boston was still in the warm sector
with SW wind and strong rising motion. At the 1000 feet level,
the wind was from 2300* The surface cold front passed over
Boston at 1400GMT. In this particular system, the wind was
mainly from the west instead of from the northwest behind the
cold front. At 1700GMT, the wind was recorded to be from 2700
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Figure 12
Example of SW wind but with no temperature advectiona
March 8, 1973.
(a) Synoptic situation.
Isobar in mb.
1000-500mb thickness in dm.
I:
-63-
Figure 12
Example of SW wind but with no temperature advection:
March 8, 1973.
(b) Type II sounding change observed.
P(mb)
700
800
900
1000
0 10 20 T(0C)
Solid line shows the 1200GMT profile.
Broken line shows the 1700GMT profile.
-10
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Figure 13
Example of strong rising motion and SW wind
but with no temperature advection:
October 12, 1972.
(a) Synoptic situation.
Isobar in mb.
...............- 1000-500mb thickness in dm.
-65-
Figure 13
Example of strong rising motion and SW wind
but with no temperature advection:
October 12, 1972.
(b) Type Iv sounding change observed.
P(mb)
700
800
900
1000
0 10 20
Solid line shows thei\1100GMT profile.
Broken line shows the\1600GMT profile.
T(* c)
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Figure 14
Example of rising motion and SW wind but
with no temperature advection:
October 17, 1972.
(a) Synoptic situation.
Isobar in mb.
..- 1000-500mb thickness in dm.
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Figure 14
Example of rising motion and SW wind but
with no temperature advection:
October 17, 1972.
(b) Type III sounding change observed.
P(mb)
700
800
900
1000
0 10 20 T(*C)
Solid line shows the 1200GMT profile.
Broken line shows the 1700GMT profile.
-10
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at the 1000 feet level. Without a wind shift from SW to NW,
this case was included in the SW wind group. But cold advection
had begun since 1400GMT. The isobars were oriented perpendicular
to the thickness contours. Besides the strong advective effect,
the rising motion produced a temperature structure change of
type III.
4.4 Warm advection as inferred by SW wind
There are very few cases with SW wind that are coupled
with warm temperature advection. For these cases, the thickness
contours must be nearly perpendicular to the isobars. But the
effect of warm advection is often obscurred by the large-
scale rising motion which is typical in the warm sector of a
cyclonic system. November 19, 1971 (Figure 15) is an example
of strong warm advection. But the upward motion cooled the
atmosphere between the 970 and 935mb level. A type IV
structure change is observed.
September 29, 1971 (Figure 16) is the case which has been
expected in the original classification. With the thickness
contours almost at 90* to the isobars, the warm advection was
strong enough-to obscur the other influences, This is a type I
example.
4.5 Erroneous inference from SW wind
In six of the strong SW wind cases, cold advection instead
of warm advection was actually found by analysing the surface
maps. October 12, 1971 is one of the six cases. The 1000 feet
level wind at 1100 and 1600GMT were from 270* and 260*
Figure 15
Example of rising motion and SW wind
inferring warm advections
November 19, 1971.
(a) Synoptic situation.
Isobar in mb.
...... 1000-500mb thickness in dm.
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Figure 15
Example of rising motion and SW wind
inferring warm advection:
November 19, 1971.
(b) Type IV sounding change observed.
P(mb)
700
800
900
1000
-10 0 10
Solid line shows the 1300GMT profile.
Broken line shows the 1700GMT prOfile.
20 T('C)
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Figure 16
Example of SW wind inferring strong warm advection:
September 29, 1971.
(a) Synoptic situation.
Isobar in mb.
1000-500mb thickness in dm.
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Figure 16
Example of SW wind inferring strong warm advection:
September 29, 1971.
(b) Type I sounding change observed.
P(mb)
0 10 20
Solid line shows the 1100GMT profile.
Broken line shows the 1600GMT profile.
T(*C)
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respectively and at 28 knots. But the surface map suggests that
there is cold advection (Figure 17). It is confirmed by the
temperature soundings. With strong radiation received between
1100 and 1600GMT at 86 langleys and no sign of upward motion,
the only factor that can produce the cool temperature between
the 920 and 760mb levels is cold advection.
Without the aid of surface maps and temperature soundings,
the cold advection cannot be detected. Instead, warm advection
may be erroneously inferred. The lack of association of
advection with wind direction constitutes one of the most
serious problems encountered in an attempt to estimate the
mixing depth from surface-based observations.
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Figure 17
Example of SW wind but with cold advectibn:
October 12, 1971.
(a) Synoptic situation.
Isobar in mb.
..........----- 1000-500mb thickness in dm.
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Figure 17
Example of SW wind but with cold advection:
October 12, 1971.
(b) Type IV sounding change observed.
P(mb)
700
800
900
1000
-10 - 0 10 20 T(*C)
Solid line shows the 1100GMT profile.
Broken line shows the 160OGMT profile.
II
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CHAPTER V
ESTIMATION OF MIXING DEPTH IN THE ABSENCE
OF A TEMPERATURE SOUNDING
The holzworth technique for determining the mixing
depth is the most widely used method because of its simplicity
and practicability. This technique still requires one upper
air sounding per day. In areas like Boston, where no radiosonde
measurement is made, it is desirable to have other measurements
of the mixing depth, either in the form of climatological
values or estimates from surface-based observations. The present
sample of EMSU data is insufficient for climatological studies.
The feasibility of the second proposal was investigated.
Changes in the mixing depth are brought about by surface
heating and changes in the vertical temperature structure by
temperature advection and vertical motion. It has been shown
that the advective and vertical motions are inadequately
represented by surface meteorological measurements. Only the
surface heating will be considered here. The intensity of
surface heating can be inferred from the amount of cloud cover
which is routinely forcasted as well as measured at all NWS
stations. In view of the subjectivity involved in the estimation
of cloudiness and the indirect inference of diabatic heating,
the amount of cloud cover is not used in this part of the
study. Instead, a more directly measurable parameter, the
amount of solar radiation received at the surface after sunrise
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until the afternoon sounding time, R, was statistically
correlated with the observed afternoon depth, HT* Figure 18
shows the individual observetions used in deriving the linear
regression equation
A = 50.8 + 0.49 P,
for forcasting the mixing depth, HS. Table 10 summarizes the
error distribution for Hg. 28% of the total 123 cases show an
absolute error of less than 20% while 69% of the cases have an
error of less than 50%. But there are 16% of the cases which
measure over 100% error with a maximum of 500%. In all these
large error cases, the statistically predicted depth over-
estimates the observed depth.
Both the Holzworth and the statistical method account
for diabatic heating effects alone. This common assumption
permits a relevant comparison of their accuracy. Table 11 lists
the error distributions for the mixing depth estimated by the
three methods: HA by the Holzworth method, HM by the modified
Holzworth method which takes into account the surface super-
adiabatic layer, and HS by the statistical equation. The error
distribution is expressed as the cumulative percentage of cases
against the magnitude of error measured. HA shows some
superiority to HS in the respect that 39% of Holzworth's
estimate in comparison with 28% of the statistical estimate
show errors of less than 20%. 52% of HA and 46% of H3 show
errors of less than 30%. The differences in the two methods
Figure 18
Afternoon mixing depths, HT, as a function of
surface solar radiation intensity, R, at Boston.
Graph of HS = 50.8 + 0.49 R
HT(mb)
200
160
80 -
40
180 R (Ly)0 40 80 120
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Table 10
Distribution of error for the statistical estimate
of the mixing depth from solar radiation intensity
alone. Error is expressed in percentage of the
observed mixing depth, IHs-HTI/ HT*
Percentage No. of days
error with NW
wind
No. of days
with SW
wind
120-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
Total no.
of days
21
22
16
11
10
90-100
100-200
200-300
over 300 3 4
10
MOMMOOK000-
Table 11
Distribution of error in estomating the mixing depth,
expressed as cumulative percentage of cases against
magnitude of error measured.
Percentage Holzworth's
error estimate
HA
> 10%
20
30
40
50
60
22
39
60
74
78
80
Modified
Holzworth's
estimate
HM
27
49
61
64
72
78
84
90
Statistical
estimate
HS
17
28
46
59
69
74
76
84
87 84
100
98 100
100
200
300
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are not of great significance.
A practical conclusion can perhaps be drawn from the
summary in Table 11. What is the advantage of having a morning
sounding if the mixing depth change durind the day- is -to be
estimated by Holzworth's technique? Without any knowledge of
the vertical temperature structure, an estimate of the mixing
depth from the surface measurement of solar radiation intensity
during the morning hours is almost as good as an estimate by
the Holzworth method. However, solar radiation intensity is not
routinely measured in many weather stations. It has to be
indirectly inferred from the amount of cloud cover. The
forcaster's skill in estimating the solar radiation intensity
will inevitably affect the accuracy of the statistically
estimated mixing depth. It can be concluded that the statistical
technique for estimating the mixing depth is almost as reliable
as the Holzworth technique, provided accurate estimates of the
solar radiation intensity are available.
CHAPTER VI
CONCLUSION
Analyses presented in this thesis have confirmed the
inadequacy of Holzworth's method in estimating the mixing
depth of the atmosphere. Basically, Holzworth assumed that the
morning vertical temperature profile could.be altered only at
the ground surface by solar radiation. The synoptic scale
influences, summarized by the horizontal temperature advection
and large-scale vertical motion, have been shown to have
substantial influence on the vertical temperature structure.
On days with cold advection and rising motion, the mixing
depth is underestimated. On days with warm advection and
subsiding motion, the mixing depth is overestimated. In general,
Holzworth's method has a tendency to overestimate' the mixing
depth, because of the presence of the surface super-adiabatic
layer during daytime hours. The accuracy of the estimate can
be improved by a modification to the Holzworth procedure.
Evidence has shown that it is not feasible to parameterize
the horizontal temperature advection by the 1000 feet level
wind speed and direction. The difficulty in the Boston area
is with the SW wind cases. Because of the synoptic situation
in the region preceding a surface cold front, often no
temperature advection actually occurs over Boston when a SW
wind is observed. In other instances, a near-west wind
bringing in cold air is erroneously classified into the SW
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wind group. Warm advection is inferred.
In view of the uncertainty in representing the horizontal
temperature field, this attempt to improve on the Holzworth
technique has met with only partial success. The study shows
that the sign and intensity of advection cannot be readily
inferred from wind direction. It would appear that a more
sophisticated forcast technique is required to account for
temperature lapse rate changes from the early morning sounding
time to the time of maximum temperature. Fine-mesh numerical
weather predictions should provide the relevant information.
In the absence of a 1200GMT morning sounding, the Holzworth
technique cannot be applied. The mixing depth was estimated from
thesurface solar radiation intensity through a simple linear
regression scheme. This statistical method gives estimates of
the mixing depth change which are almost as reliable as the
Holzworth technique, provided that the forcaster can estimate
the degree of solar radiation. When no information of the
vertical temperature structure is available, such a statistical
estimate of the mixing depth is invaluable.
WAROMMUMMM,
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APPENDIX I
LIST OF CASES
Cases with NW and SW winds are separately classified
into nine categories by the 1000 feet level wind and the
amount of solar radiation received at the surface during
the interval between the two soundings. The following format
is used to list the observations:
COLUMN
A Date
B Soalr radiation received (Langleys)
C 1000 feet level wind in the morning
(ddff where dd are the hundredth and tenth
digits of the wind direction and ff are
the wind speed in knots)
D 1000 feet level wind in the afternoon (ddff)
E Observed mixing depth, HT (mb)
F Holzworth's estimate of the mixing depth,
HA (mb)
G Modified Holzworth's estimate of the mixing
depth, HM (mb)
H Statistical estimate of the mixing depth,
HS (mb)
I Type of temperature sounding change
J Value of H-HT (mb)
K Value of HM-HT (mb)
L Value of HS-HT (mb)
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1000 feet level wind from
Total radiation received:
A
12.10.71
01.06.72
01.21 72
02.07.72
02.14.72
11.17.72
11*22*72
12.14.72
04.03.73
B
53.4
44.1
53.1
38.5
52.5
50.9
25.9
51.6
43*2
C
3410
3412
3509
3611
3600
3203
3311
2911
3616
D
3605
2906
3214
3112
3214
2003
3410
3409
3508
the NW at 0-13 knots.
0-55 langleys.
E
39
19
47
44
17
70
68
100
12
F G
--- m - --
37
65
14
65
76
93
99
33
46
10
61
54
93
30
H I
77 V
72
77
70
77
76
64
76
72
II
V
III
III
II
II
III
J
18
21
-3
-5
8
-7
87
K
14
2
-7
-9
-14
-7
18
L
38
53
30
26
60
6
-4
-24
60
1000 feet level wind from the NW at 0-13 knots.
Total radiation received: )55-80 langleys.
A
11.12.71
12 .23.71
02.10.72
03.16.72
09.12.72
10.18.72
03.02.73
B
73.5
56.6
79.5
77.7
58.8
70.6
66.4
C
2910
3217
3310
3508
2912
3214
2916
D
2815
2706
3606
2905
3007
2709
2910
E
106
30
68
26
44
120
28
F
117
57
51
67
87
123
74
G
113
54
48
63
40
72
35
H
87
79
90
89
80
85
83
IV
II
III
II
IV
II
IV
II
J
11
27
-17
41
43
3
50
1000 feet level wind from the NW at 0-13
Total radiation received: >80 langleys.
A
11.09.71
03.10.72
04.18.72
06.27.72
B C D
89.8 3417 2909
144.1 3108 2909
150.0 3319 3205
100.7 3009 2807
E
95
74
169
79
F
95
242
176
141
G
91
186
139
67
H
95
121
125
100
IV
II
I
IV
II
J K
0 -4
168 112
7 -30
82 -12
K L
7 -19
24 49
-20 22
37 63
-4 36
-48 -35
11 59
knots.
L
0
47
-44
21
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1000 feet level wind from the NW at >13-19 knots.
Total radiation received: 0-55 langleys.
A B C D
09.21.71 19.3 -- 3016
12.17.71 27.3 2816 2722
12.21.71 39.9 3117 2910
09.14.72 52.8 2921 2610
12.29.72 60.6 3119 3215
02.22.73 25.9 3612 3513
E F
-31
102 26
12 15
86 49
79 25
67 90
G
26
12
44
25
56
H I
60 II
64 IV
70 II
77 IV
81 III
64 III
1000 feet level wind from the NW at -13-19 knots.
Total radiation received: 755-80 langleys.
A
11.04.71
12.02.71
01.10.72
09.05.72
09.27.72
11.16.72
11.21.72
02.13.73
B C D
62.8 3012 2716
67.1 3318 3410
65.6 2714 2915
79.0 3121 3312
80.0 2821 2913
74.8 3221 2915
70.1 3120 3314
58.3 3116 3021
E
141
69
97
58
115
91
87
111
F
108
70
63
98
69
106
83
122
G
68
69
53
78
37
99
85
104
H
82
84
83
90
90
88
85
80
IV
III
IV
I I
IV
III
J
-33
1
-34
40
-46
15
-4
11
K
-73
0
-44
20
-78
8
-2
-7
1000 feet level wind from the NW at >13-19 knots.
Total radiation received: >80 langleys.
A
09.01.71
09.30.71
10.08.71
01.27.72
04.03.72
05.11.72
01.13.73
02.14.73
03.13.73
B C D
152.3 3617 3311
90.5 3319 3309
91.5 2824 2914
82.3 2713 2915
178.2 3121 2916
115.0 3121 2710
90.5 3220 3216
107.4 3324 3113
157.7 3120 3011
J
-76
3
-37
-54
23
K
-76
3
-42
-54
-11
L
29
-38
58
-9
2
-3
L
-59
15
-14
32
-25
-3
-2
-31
E
191
89
155
150
139
195
123
65
89
F
186
70
183
157
158
252
81
100
G
191
70
155
152
118
197
69
94
H I
125 III
95 III
96 I
91 IV
138 III
107 I
95 III
103 II
126 II
J
-5
-19
28
7
19
57
16
11
K
0
-19
0
2
-21
2
4
5
L
-66
6
-59
-59
-1
-88
-28
38
37
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1000 feet level wind from the NW at >19 knots.
Total radiation received: 0-55 langleys.
A B C D
04.07.72 -- 3324 3216
05.05.72 27.6 2821 2820
11.24.72 28.0 2720 2822
12.27.72 40.2 3117 3123
E F G H I J K L
93 --- --- --- V --- ---
147 103 86 64 III -44 -61 -83
128 108 68 65 IV -20 -60 -63
38 60 40 71 II 22 2 33
1000 feet level wind from the NW at >19 knots.
Total radiation received: >55-80 langleys.
B C D
62.2 3027 3019
61.0 3125 3128
69.5 2927 2813
71.1 2925 3519
78.2 3328 3215
62.4 3221 3218
68.5 2721 2925
E
118
134
137
103
118
126
112
F
132
---
87
39
61
61
161
G
55
36
34
1000 feet level wind from the NW at >19
Total radiation received: 780 langleys.
H I
81 IV
81 V
85 IV
86 IV
89 IV
82 I
84 IV
knots.
A
09.24.71
01.26.72
01.31.72
03.06.72
03.09.72
04.05.72
05.12.72
10.10.72
01.30.73
B C D
110.3 2832 3112
80.6 2829 2726
87.6 2922 3022
115.0 2722 2825
145.0 2925 3117
210.2 3025 2817
98.4 3125 3118
80.6 3321 3214
88.8 3226 2618
A
12.01. 71
12.22.71
01.12.72
04.14.72
10.13.72
12.07.72
01.12.73
K
-82
-67
-84
J
14
-50
-64
-57
-65
49
L
-37
-53
-52
-17
-29
-44
-28
E
137
173
163
190
142
109
85
78
72
F
49
218
131
170
120
163
118
162
79
G
12
208
126
160
35
118
103
152
74
H
105
90
94
107
122
154
99
90
94
I
IV
I
IV
III
IV
II
II
I
II
J
-88
45
-32
-20
-22
54
33
84
7
K
-125
35
-37
-30
-107
9
18
74
2
L
-32
-83
-69
-83
-20
45
14
12
22
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1000 feet level wind from the SW at 0-13
Total radiation received: 0-55 langleys.
A
10.15.71
11.01.71
11.10.71
01.17.72
04.11.72
05.15.72
11.28.72
B C D
37.1 2005 2005
23.3 2516 2510
38.2 2712 2610
17.6 2110 2010
28.0 2407 2409
6.0 -- 2012
19.5 2214 2211
1000 feet level wind from
Total radiation received:
the SW at 0-13 knots.
755-80 langleys.
A
10.22.71
01.07.72
04.06.72
09.25.72
10.27.72
02.20.73
02.21.73
03.29.73
B C D
61.9 2212 2213
56.7 2210 2211
80.0 2811 2107
75.2 2517 2506
55.4 2411 2208
56.0 2412 2209
57.1 2109 1810
77.0 2707 1803
1000 feet level wind from
Total radiation received:
A B C D
10.05.71 89.8 2609 2705
04.24.72 82.6 2407 2511
06.14.72 102.8 2414 2112
06.26.72 94.0 2711 2408
06.28.72 157.7 2808 2207
the SW at 0-13
>80 langleys.
E
74
172
80
79
139
F
71
101
103
100
239
G
71
90
80
90
169
knots.
E
32
85
39
67
11
31
27
F
85
95
58
64
13
54
70
G
52
71
61
48
43
H
69
62
70
60
65
54
61
IV
IV
IV
IV
I
IV
I
I
J
53
10
19
-3
2
23
43
K
20
-14
-6
17
16
L
37
-23
31
-7
54
31
34
E
35
83
89
64
44
72
36
74
F
52
98
118
87
80
146
83
71
G
39
83
107
76
77
136
43
66
H
81
79
90
88
78
78
79
89
I
I
II
I
II
I
I
I
IV
J
17
15
29
23
36
74
47
-3
K
4
0
18
12
33
64
7
-8
L
46
-4
1
24
34
6
43
15
knots.
H I
95 II
91 III
101 I
97 II
128 I
J
-3
-71
23
21
100
K
-3
-82
0
11
30
L
21
-81
21
18
-11
-89-
1000 feet level wind from the SW at >13-19 knots.
Total radiation received: 0-55 langleys.
A
10.07.71
10.28.71
01.04.72
05.31.72
10.16.72
10.24.72
B
47.2
19.2
13.6
41.6
49.6
20.2
C ,D
2721 2215
2306 2515
2517 1810
0000 2118
2517 2220
2521 2210
1000 feet level wind from
Total radiation received:
A B C D
12.03.71 62.9 2722 2515
01.18.72 69.2 2218 2220
11.07.72 76.1 2517 2313
01.10.73 64.5 2719 2618
01.11.73 91.9 2716 2416
1000 feet level wind from
Total radiation received:
the SW at 713-19 knots.
755-80 langleys.
E
86
84
112
116
90
F
108
67
118
159
81
G
102
52
111
121
81
H I
82 I
85 IV
88 II
83 I
96 III
the SW at 213-19 knots.
780 langleys.
A
09.03.71
09.09.71
02.08.72
02.15.72
02.28.72
03.23.72
06.12.72
03.01.73
03.12.73
B C D
109.5 2525 2507
112.4 2219 2714
101.4 2618 2814
105.1 2416 2316
143.5 2414 2815
147.3 2217 2017
129.6 2714 2313
113.5 2313 2118
101.5 2514 2719
E
34
60
16
91
161
51
F
64
52
40
96
193
34
G
44
52
16
85
161
29
H
74
60
58
71
75
61
I
I
II
II
II
I
IV
J
30
-8
24
5
32
-17
K
10
-8
0
-6
32
-22
L
40
0
42
-20
-86
10
J
22
-17
6
43
-9
K
16
-32
-1
5
-9
L
-4
1
-24
-33
6
E
78
50
166
40
138
54
136
80
92
F
113
48
169
48
71
179
203
97
85
G
89
37
172
47
60
155
163
85
84
H
104
106
101
102
121
123
114
106
101
IV
I
IV
I
II
III
I
I
II
J
35
-2
3
8
-67
125
67
17
-7
K
11
-13
6
7
-78
101
27
5
-8
L
26
56
-65
62
-17
69
-22
26
9
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1000 feet level wind from
Total radiation received:
the SW at >19 knots.
0-55 langleys.
A
11.19.71
12.16.71
01.25.72
06.01.72
06.09.72
10.12.72
12.13.72
01.05.73
01.18.73
1000 feet
Total radi
A
09.29.71
10.14.71
01.19.72
02.04.72
06.15.72
10.17.72
11.27.72
03.08.73
B
29.2
42*7
7.4
18.5
17.8
21.8
18.5
32.0
51.8
C D
2225 2120
2529 2522
1839 2120
2126 1816
2710 2428
2327 2420
2305 2628
2724 2624
2621 2519
level wind from
ation received:
B
78.9
58.5
68.4
65.7
72.5
57.2
63.9
69.3
C
2233
2024
2226
2330
2225
2330
2229
1803
D
2216
1917
2320
2439
2220
2718
2528
2131
E
45
41
85
33
45
64
84
148
17
the
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E
50
54
73
142
70
90
150
17
F
49
27
56
39
43
61
28
12
86
G
37
16
63
43
56
28
47
H
65
72
55
60
60
62
60
67
76
I
IV
IV
III
IV
I
IV
III
IV
I
J K
4 -8
-14 -25
-29 -22
6 --
-2 -2
-3 
-8
-56 -56
-136 --
69 30
L
20
31
-30
27
15
-2
-24
-81
59
SW at ;19 knots.
80 langleys.
F
135
99
70
53
48
146
36
G
119
64
69
54
33
130
32
H
90
80
84
83
86
79
82
85
I
IV
I
III
V
IV
III
III
II
J
85
45
-3
-17
-42
-4
19
K
69
10
-4
-16
-57
-20
15
L
40
26
11
-59
16
-11
-68
68
1000 feet level wind from
Total radiation received:
A
10.12.71
03.01.72
06.02.72
06.16.72
B C D
86.0 2728 2628
109.2 2031 2116
122.0 2619 2623
112.9 2231 2222
the
780
E
129
41
122
90
SW at >19 knots.
langleys.
F G H I
124 95 93 III
44 44 104 I
69 54 111 IV
82 78 106 IV
J
-5
3
-53
-8
K
-34
3
-68
-12
L
-36
63
-11
16
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APPENDIX II
LIST OF CASES
ACCORDING TO THE TYPE OF SOUNDING CHANGE
Type I sounding change:
Date
09.03.71
09.29.71
10.07.71
10.08.71
10.14.71
10.15.71
10.22.71
12.03.71
01.26.72
02.08.72
03.01.72
03.10.72
03.23.72
04.06.72
05.11.72
05.15.72
06.12.72
06.28.72
09.05. 72
10.10.72
10.16.72
10.27.72
11.28.72
12.07.72
01.10.73
01.18.73
02.20.73
02.21.73
03.01.73
04.03.73
HT
78
50
34
155
54
32
35
86
173
166
41
74
54
89
195
31
136
139
58
78
161
44
27
126
116
17
72
36
80
12
HT-HA
35
85
30
28
45
53
17
22
45
3
3
168
125
29
57
23
67
100
40
84
32
36
43
-65
43
69
74
47
17
87
HT-HM HT-HS
11 26
69 40
10 40
0 -59
10 26
20 37
4 46
16 -4
35 -83
6 -65
3 63
112 47
101 69
18 1
2 -88
17 31
27 -22
30 -11
20 32
74 12
32 -86
33 34
16 34
-- -44
5 -33
30 59
64 6
7 43
5 26
18 60
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Type II sounding changea
Date HT HT-HA HT-HM HT-HS
10.05.71 74 -3 -3 21
10.28.71 60 -8 -8 0
11.09.71 95 0 -4 0
11.12.71 106 11 7 -19
12.02.71 69 1 0 15
12.21.71 12 3 3 58
01.04.72 16 24 0 42
01.06.72 19 18 14 53
01.07.72 83 15 0 -4
01.17.72 67 -3 -6 -7
02.10.72 68 -17 -20 22
02.15.72 40 8 7 62
04.05.72 109 54 9 45
05.12.72 85 33 18 14
05.31.72 91 5 -6 -20
06.09.72 45 -2 -2 15
06.14.72 80 23 0 21
06.26.72 79 21 11 18
06.27.72 79 82 -12 21
09.12.72 44 43 -4 36
09.25.72 64 23 12 24
11.07.72 112 6 -1 -24
11.16.72 91 15 8 -3
11.17.72 70 -5 -9 6
11.22.72 68 8 -14 -4
12.27.72 38 22 2 33
01.30.73 72 7 2 22
02.14.73 65 16 4 38
03.02.73 28 50 11 59
03.08.73 17 19 15 68
03.12.73 92 -7 -8 9
03.13.73 89 11 5 37
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Type III sounding change:
Date HT HT-HA HT-HM HT-HS
09.01.71 191 -5 0 -66
09.30.71 89 -19 -19 6
10.12.71 129 -5 -34 -36
11.04.71 141 -33 -73 -59
12.23.71 30 27 24 49
01.19.72 73 -3 -4 11
01.25.72 85 -29 -22 -30
02.07.72 44 21 2 26
02.14.72 17 -3 -7 60
02.28.72 138 -67 -78 -17
03.06.72 190 -20 -30 -83
04.03.72 139 19 -21 -1
04.24.72 172 -71 -82 -81
05.05.72 147 -44 -61 -83
10.17.72 90 -42 -57 -11
11.27.72 150 -4 -20 -68
12.13.72 84 -56 -56 -24
12.14.72 100 -7 -7 -24
12.29.72 79 -54 -54 2
01.11.73 90 -9 -9 6
02.13.73 111 11 -7 -31
02.22.73 67 23 -11 -3
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Type IV sounding change:
Date HT Hr-HA HT-HM H'r-HS
09.09.71 50 -2 -13 56
09.24.71 137 -88 -125 -32
11.01.71 85 10 -14 -23
11.10.71 39 19 -- 31
11.19.71 45 4 -8 20
12.01.71 118 14 -- -37
12.16.71 41 -14 -25 31
12.17.71 102 -76 -76 -38
01.10.72 97 -34 -44 -14
01.12.72 137 -50 -82 -52
01.18.72 84 -17 -32 1
01.27.72 150 7 2 -59
01.31.72 163 -32 -37 -69
03.09.72 142 -22 -107 -20
03.16.72 26 41 37 63
04.11.72 11 2 -- 54
04.14.72 103 -64 -67 -17
04.18.72 169 7 -30 -44
06.01.72 33 6 -- 27
06.02.72 122 -53 -68 -11
06.15.72 70 -17 -16 16
06.16.72 90 -8 -12 16
09.14.72 86 -37 -42 -9
09.27.72 115 -46 -78 -25
10.12.72 64 -3 -8 -2
10.13.72 118 -57 -84 -29
10.18.72 120 3 -48 -35
10.24.72 51 -17 -22 10
11.21.72 87 -4 -2 -2
11.24.72 128 -20 -60 -63
01.05.73 148 -136 -- -81
01.12.73 112 49 -- -28
-95-
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